INTRODUCTION
Inclusions of precipitated hemoglobin (Heinz bodies) can be observed in the red blood cells of patients with several forms of hemolytic anemia. Recently it has become evident that the primary defect in some of these disorders is the hemoglobin molecule itself because of the presence of unstable variants. The use of routine electrophoretic or chromatographic procedures for the * Deceased, 9 March 1970.
Received for publication 11 September 1970. purpose of identification and isolation is often only partially successful. Apparently substitution of amino acid residues in critical positions of either a-or P-chains may decrease the stability of these proteins to an extent that such changes in physical properties can interfere with their identification. Moreover, in several of these unstable variants the abnormality concerns an amino acid substitution involving no change in charge (references [1] [2] [3] [4] present comprehensive reviews of the variations in the structures of many unstable hemoglobins).
The present report describes a hemoglobinopathy which was discovered in a Caucasian girl with congenital nonspherocytic hemolytic anemia; the abnormality was not found in the parents or in any of the seven brothers and sisters of the patient. Hematological studies of this child and the chemical characterization of the abnormal hemoglobin are reported. The initial studies were hampered greatly by the inability to isolate the abnormal hemoglobin in a sufficiently pure state and in an amount that would allow the identification of the structural defect. The use of methods applied by Rosemeyer and Huehns in their studies on the dissociation mechanism of hemoglobin (5) and by Rieder, Oski, and Clegg in their investigations of the Hb Philly abnormality (6) greatly facilitated our chemical analyses.
dine and with Buffalo black (9) . Chromatography on columns of DEAE-Sephadex was used on occasion to quantitate hemoglobin fractions (10, 11) . Chromatography of hemoglobin solutions on columns (2.5 X 150 cm) of Sephadex G-75 in a buffer containing 0.12 M glycine-NaOH and 0.12 M sodium chloride, pH 10.1, followed previously described methods (12, 13) . The technique of Betke, Marti, and Schlicht was used to quantitate the alkali-resistant hemoglobin (14) . The heat stability of the hemoglobin in red cell hemolysates was tested by incubation of hemoglobin (final concentration 1.5 mg/ml) at 650C in 0.2 M sodium phosphate buffer, pH 6.5. The percentage heat-precipitated hemoglobin was calculated from the amount originally present and that remaining in solution; the method is a slight modification of the procedure described by Grimes, Meisler, and Dacie (15) . The presence of an abnormal hemoglobin was also studied by starch-gel electrophoresis of the PMB (p-hydroxymercuribenzoate, sodium salt, Sigma Chemical Co., St. Louis, Mo.) derivatives of the hemoglobins from the propositus and her relatives. These derivatives were prepared by reacting the hemoglobin for 3 hr with a fourfold or with a twelvefold molar excess of PMB (6) . An 0.05 M Tris-HCl buffer, pH 7.5, was used in these experiments in which the final hemoglobin concentration varied between 30 and 35 mg/ml.
Isolation of the abnormal p-chain. The technique was a modification of methods used by Rosemeyer and Huehns (5) , and was suggested to us by Dr. E. R. Huehns. 10 ml of a freshly prepared hemolysate (100 mg COHb/ml) was mixed with 50 ml 0.1 M sodium phosphate buffer, pH 6.0, 10 ml 2 M NaCl solution, 20 ml distilled water, and 10 ml PCMB solution (p-chloromercuribenzoate, sodium salt, Nutritional Biochemicals Corp., Cleveland. Ohio; 10 mg/ml, pH about 10, prepared by dissolving the PCMB in a minimal amount of 1 N NaOH and adjusting the pH with 1 N acetic acid until slightly turbid). The mixture was stirred for 90 min at 4VC. The precipitate was washed repeatedly with a mixture of 100 ml 0.1 M sodium phosphate buffer, pH 6.0, 20 ml 2 M NaCl, and 60 ml water, and finally dissolved in a minimal volume of lo% solution of trimethylamine (TMA, Eastman Kodak Co., Rochester, N. Y.). The solution was passed through a 2 X 30 cm column of Sephadex G-25 (in 0.2% TMA) whereafter the hemoglobincontaining effluent was exposed to excess of cysteine (1 mg/ml). The hemoglobin was dialyzed for 24 hr at 4°C against several changes of an 0.2%o TMA solution. Heme was removed from the hemoglobin by the acid-acetone procedure of Anson and Mirsky (16) .
Structural analyses. Approximately 230 mg of isolated ,B-chain was hydrolyzed with trypsin (Worthington Biochemical Corp., crystallized three times, salt-free) at room temperature for 2 hr at pH 8.9 in a pH-stat. Trypsin equal to 0.5% of the weight of the pt-chain was added at zero time and again 30 min later. After completion of the hydrolysis, the pH was lowered to 6.5 with 1.0 N HCl and the insoluble core removed by centrifugation. The pH of the supernatant was lowered further to 2.5 whereafter the soluble peptides were taken to dryness by flash evaporation at 370C.
The peptides were separated by chromatography on a 1 X 100 cm column of Dowex 50-X2 with volatile pyridineacetic acid developers (17, 18) . Each Dowex 50 zone was rechromatographed on a column of Dowex 1-X2 (19) . The abnormal ,T-3 peptide was degraded by acetic acid hydrolysis and by digestion with thermolysin (20) (21) (22) (23) . Approximately 2 ,umoles of peptides were hydrolyzed with 0.25 N acetic acid for 48 hr in vacuo and in a boiling water bath. The resulting peptide fragments were separated on a 0.6 X 60 cm column of Dowex 50-X2 according to the method described by Schroeder (24) . The thermolysin digestion followed the direction of Matsubara, Sasaki, Singer, and Jukes (20) ; about 1.6 /Amoles of 8T-3 were incubated with 2 mg thermolysin (three times crystallized, A grade, Calbiochem, Los Angeles, Calif.) for 8 hr at pH 8.8 and at 370C. The hydrolysate was dried by flash evaporation and chromatographed on a column of Dowex 1-X2 (19) . Sequential data on some fragments of the 8T-3 peptide resulted from analyses made with the modified Edman phenylthiohydantoin procedure (25) .
The insoluble core was oxidized with performic acid according to a slight modification of the procedure described by Hirs (26) . Attempts were made to purify this oxidized core (25 mg) by passage through a 1.0 X 155 cm column of Sephadex G-50 in 0.5% formic acid followed by Dowex 1-X2 chromatography (19) .
Amino acid analyses were made with a Spinco model 120B amino acid analyzer equipped with a long path flow cell (27) . Samples were hydrolyzed at 110'C under reduced pressure with 6 N HCl. The time of hydrolysis was 24 hr and occasionally 72 hr. Tryptophan was identified by spot test on paper (28) .
Sedimentation analyses of selected hemoglobin components were made with a Spinco model E analytical ultracentrifuge at 60,000 rpm and at 250C; the procedure was identical with that used in a previous study (8) . 27 U and that of G6PD was slightly increased to 17.9 U.
RESULTS
In general the patient continues to do reasonably well 3 with a hemoglobin that stabilizes between 5.5 and 7.0 g1100 ml and with a reticulocyte count of about 20-30%. 4 The cardio-thoracic ratio is slightly greater than normal. The level of alkali-resistant hemoglobin in blood samples which were collected when the patient was 8 yr and 5 older never exceeded 3%. Starch-gel electrophoresis of hemolysate from the propositus at pH 9.0 and 4VC demonstrated an abnormal hemoglobin with a mobility about similar to that of Hb F ® (Fig. 1) . A minute amount of possibly free a-chains was also observed. No abnormal hemoglobin was detected in hemolvsate from the parents (samples 3 and 5 of Fig 1) or from that of her six brothers and one sister. Hematohemo-logic values made on blood samples of the parents and )Br., (1) Chromatographic investigations. DEAE-Sephadex as well as CM-cellulose chromatography failed to resolve the abnormal hemoglobin from normal Hb A. A distinct fetal hemoglobin zone was not present in these chromatograms. The level of Hb A2 in the patient was 2.1%. The DEAE-Sephadex chromatogram showed an additional minor fraction (about 0.4%), which was eluted in front of the Hb A2 component; this fraction had an electrophoretic mobility similar to that of free a-chains.
Chromatography of hemolysate from the patient on Sephadex G-75 columns resulted in the (incomplete) resolution of several components. A representative chromatogram is given in Fig. 3 A; approximately 300 mg of hemoglobin, dialyzed for 24 hr against the pH 10.1 glycine-NaOH-NaCl buffer and dissolved in a final volume of 7 ml, was chromatographed on two columns (2.5 X 150 cm) placed in series. Of the four components fraction I seems to be a nonhemoglobin component complexed with bilirubin. Fractions II, III, and IV were concentrated by ultrafiltration in vacuo and at 40C, and analyzed by starch-gel electrophoresis. Fraction II consisted of Hb A and Hb As only, and fraction III primarily of the abnormal hemoglobin component, whereas fraction IV could not be definitely identified. The total amount of fractions III and IV varied between 13 and 17% in several chromatograms. Fractions III from these chromatograms were combined and rechromatographed on a 2.5 X 150 cm column of Sephadex G-75 at pH 10.1. This chromatogram (Fig. 3 B) shows an incomplete resolution of fraction III and two additional components (fractions II and IV). The amino acid compositions of components III and IV from the chromatogram of Fig.  3 B are presented in Table I . The results of these analyses are consistent with the assumption that fraction IV consists primarily of a-chains and fraction III of an equal mixture of a-and P-chains. Fig. 3 A Fig. 3 B Fig. 3 A Fig. 3 Table II lists sedimentation velocity data nents II, III, and IV as a function of the pH. III appears to be dissociated into dimers tc extent than component II; the dissociation nent III into half molecules is complete al Fraction IV, which because of its position in dex G-75 chromatogram and of the data from acid analysis is considered to be primarily fre showed surprisingly high s w0, values both at at pH 10.1. Apparently concentrating this f from about 10 mg/100 ml (the mean conce this fraction in the column effluent) to about I ml (the average concentration used in the ull gation experiments) resulted in a considerab] tion of these subunits, which is not greatly a change in the pH.
Electrophoretic mobility of an abnormal subunit. Red cell hemolysates from the prol her parents were exposed for 3 hr to 4 mm mmoles of PMB per mmole of hemoglobin Tris-HCl buffer, pH 7.5. Electrophoretic e showed an incomplete dissociation of the h from the propositus and her parents into the a-PMB and P-PMB chains in mixtures with PMB to hemoglobin ratio (Fig. 4) . A similk tion after exposure to a lower relative PMB tion was seen in the hemoglobin from the pro almost not in that from normal controls. The mobility of the fast moving PMB chain in the 4 mmoles PMB to 2 1 mmole of hemoglobin mixture from the propositus (termed O3-PMB chain) was distinctly slower than that 3 of the ,8-PMB chain of normal hemoglobin A. This difference can also be observed in the 12 mmoles PMB to 4 1 mmole of hemoglobin mixture because of the simul-5 taneous formation of the p-PMB and ,P-PMB subunits.
6
Structural studies of the abnormal #s-Chain. The ,8'-PMB chain was prepared from red cell hemolysate of 7 the propositus by treatment with PCMB as described in the methods section. Electrophoretic examination of the 8 precipitate (dissolved in 1% TMA) and of the supernatant showed that the f'-PMB chain was only slightly (3) contaminated with the a-PMB chain, whereas Hb A-PMB, Hb A2-PMB, and a-PMB chain were the hemoglobin components present in the supernatant O and 40C (Fig. 5) Table III . The pH 7.4 and tryptic peptides T-1, T-2, T-3, T-4, T-5, T-6, T-7, T-8, .raction IV T-8,9, T-9, T-13, T-14, and T-15 could readily be identintration of fied and no additional peptides were observed. All peptides 500 mg/100 had amino acid compositions identical with those of the tracentrifu-corresponding peptides from normal p8-chain except pep- Fig. 6 . The amino acid composition of the fragments which resulted from a mild acetic acid hydrolysis of the abnormal T-3 peptide is presented in Table IV . Zones 1 and 3 from the Dowex 50-X2 chromatogram were identified as (rather impure) free aspartic acid and the tripeptide Asx, Vah, respectively. A nonapeptide was present in zone 2, and its amino acid composition was consistent with the nine carboxy-terminal amino acid residues of the T-3 peptide except for a glycine--valine substitution. The recovery of 1.6 and of 2.0 residues of valine in the 24 hr and the 72 hr hydrolysates, respecspectively, again suggests a Val-Val sequence in this peptide. Stepwise degradation of this peptide with the PTH procedure was not successful probably because of cyclization of the amino terminal glutamyl residue during acetic acid hydrolysis.
Four distinct zones were present in the Dowex-1 chromatogram of the thermolysin digest of the PT-3 peptide (Fig. 7) . The amino acid composition of these peptide fragments, given in Table IV , readily identified zone 1 as the tripeptide originating from the carboxyterminus and zone 2 as the dipeptide originating from the amino-terminus. The amino acid composition of 24 hr hydrolysate of the material from zone 3 suggested a pentapeptide Glu, Gly, Ala, Vals (segment B-3,4 of Fig. 6 ). However, the recovery of valine in 72 hr hydrolysate increased to 1.73 and 1.61 residues instead of 2 residues in two separate experiments which indicates that a mixture of the Glu, Gly, Ala, Vahn pentapeptide and the Glu, Gly, Ala, Val tetrapeptide (segment B-4 of Fig. 6 ) is present in a ratio of about 2: 1. PTH degradation of the material from zone 3 gave a valyl as aminoterminal residue, whereas a mixture of a glycyl residue and a valyl residue was observed after the next degradation. These results suggest the presence of two peptides: one with a Val, Gly amino-terminal sequence (segment B-4) and a second with a Val-Val amino-terminal se- The insoluble core (peptides T-10, T-11, and T-12, together 38 amino acid residues) was oxidized with performic acid and the resulting material purified by passage through columns of Sephadex G-75, and by rechromatography on Dowex 1-X2. Data from amino acid analysis of the "purified" core indicated a considerable contamination which made it impossible to determine the exact amino acid composition -of this portion of the f-chain.
DISCUSSION
The hemoglobin abnormality, for which the name Hb Savannah is proposed, is one of the several variants which are usually associated with accelerated in vivo destruction of red blood cells, with in vitro production of inclusion bodies in erythrocytes exposed to redox dyes, and with precipitation of hemoglobin upon heating to temperatures of 50°-70°C (1-4) . The heterozygous state for this newly discovered unstable variant causes a rather severe hemolytic anemia which required medical attention of the patient at the age of about 1 yr and which did not significantly improve after splenectomy. It may be that the Hb Savannah abnormality, like Hb Sabine (31) , arose as a fresh mutation because the abnormality is absent in the parents and the seven siblings. There was no reason to suspect nonpaternity but no attempt was made to exclude this possibility by blood group analysis.
In Hb Savannah there is a substitution of a glycyl residue by a valyl residue in position 24 of the fl-chain.
The conclusion that a Val-Val-Gly sequence exists in fractions which are likely the apS"""nnah dimer and free a-chains, respectively ( Fig. 3 and Tables I and II) . Apparently the change in the tertiary structure of the Hb Savannah molecule also affects the a1-92 contact, causing an increased dissociation of the hemoglobin tetramer into dimers. This influence has to be indirect, because the sixth residue of the B helix does not participate in the a,-,8 contact (34) .
As emphasized by Rieder et al. (6) , treatment of Hb A with PMB results in the attachment of the reagent to the ,-93 cysteine residues followed by a dissociation of the tetrameric hemoglobin molecules into a# dimers.
The SH groups in positions a-104 and ,-112 will become available to binding with PMB only under conditions of low pH and high ionic strength. Similar to Hb Philly (6), Hb Savannah dissociates readily into monomers under conditions of PMB treatment which are considerably milder than those required for the dissociation of normal hemoglobin A. It seems then that the glycyl to valyl substitution at position B 6 results not only in an increased dissociation of the tetramer into half molecules but also in a weakening of the ai-fli contact to the extent that an increased monomer formation occurs. This shift of the equilibrium between tetramer, dimer, and monomer towards the formation of monomers probably explains the presence of free normal a-chains in red cells of the Hb Savannah carrier assuming that the free fSavannah chains will readily precipitate. The simple procedure used for the isolation of the 8Savannah chains which is based on the low solubility of the PMB 15Savannah chain in solutions of pH 6 and moderately high ionic strength may well be applicable to other, unknown, unstable hemoglobin variants particularly when free a-chains can be demonstrated in hemolysate of red cells from such carriers.
Our data do not allow a reasonably accurate estimation of the relative amount of Hb-Savannah in red cell hemolysate. According to the heat denaturation test approximately 30% of the hemoglobin is unstable (Fig. 2) , whereas some 15% of the hemoglobin was eluted as the aSavannah dimer from Sephadex G-75 columns (Fig. 3) . The precipitate formed during the heat denaturation was not analyzed further. The possibility that mainly a mixed tetramer of the type a2#iAfiSavannah precipitates under the condition of the experiment should be considered.
